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(54) PROCESS FOR OBTAINING TRANSGENIC PLANTS WHICH HAVE AN IMPROVED CAPACITY 
FOR THE UPTAKE OF NUTRIENTS AND TOLERANCE TO TOXIC COMPOUNDS WHICH ARE 
PRESENTS IN THE SOIL 



(57) This invention refers to a method for obtaining 
plants by genetic engineering techniques, with im- 
proved capacity to synthesize, to accumulate and to ex- 
ude organic acids. More specifically it refers to the pro- 
duction, of transgenic plants having an improved capac- 
ity to take up and excrete organic acids, providing them 
with a better uptake capacity of nutrients naturally 
present in the soil or added as fertilizers to the soil. 
These plants also have an increased capacity to tolerate 
the presence in the soil of certain toxic compounds such 



as aluminum. The transformation method implies the in- 
troduction of genes that increase the capacity of the 
plant to produce organic acids and involvess the follow- 
ing steps: a) preparation of a recombinant molecule 
comprising the coding sequence for an enzyme that pro- 
duces organic acids, functionally bound to a promoter 
sequence active in plant cells and a transcription termi- 
nator functional in plant cells, b) transformation of plant 
cells with said recombinant molecule, c) the regenera- 
tion of transgenic plants from the transformed cells. 
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Plants. Academic Press, San Diego, CA). In the context 
of the current invention, exudation and excretion-are 
considered the same process that we define as the proc- 
ess by which plants, through their roots send organic 
and inorganic compounds into the soil. 
[0008] The chemical nature of the substances excret- 
ed by roots depends on several factors: inter- and intra- 
species genetic differences, age of the plant and nutri- 
tional status. The components identified in root exu- 
dates can be grouped in two large classes: mucilagi- 
nous substances and organic solutes. The organic sol- 
utes include sugars, organic acids, amino acids and 
phenolic compounds. 

[0009] Organic acids are very versatile molecules that 
participate in different physiological processes in all liv- 
ing organisms including plants. The biosynthesis of 
these compounds is a ubiquitous process in living or- 
ganisms. In animals their participation as precursors of 
important metabolic pathways such as the Krebs cycle 
or the glyoxylate cycle, their transport mechanisms and 
the enzymes they interact with, are well known. In con- 
trast, little information is available for plants in this re- 
spect (Srere, P.A. (1992). Curr. Top. Cell. Reg. 33: 
261-275). 

[0010] In the context of the present invention, organic 
acids is used as a general term that includes organic 
acids and their corresponding bases (e.g. citric acid and 
citrate), since depending upon the pH these molecules 
may interconvert. 

[0011] The excretion of organic acids has been cor- 
related with the capacity of some plant species, such as 
rape (Brassica napus) and white lupin (Lupinus albus), 
to solubilize phosphate from insoluble compounds such 
as aluminum or iron phosphates or even phosphoric 
rock. In both cases an increment in organic acid excre- 
tion is observed, as a response to stress caused by 
phosphate deficiency (Hoffland et al. (1989) plant and 
Soil 113:161-165). 

[0012] Based on these correlations, it has been pro- 
posed that the natural exudation of organic acids by 
Brassica napus, is an effective strategy to increase 
phosphate uptake from phosphoric rock. In the case of 
Lupinus albus, under conditions of low phosphate avail- 
ability, the formation of specialized roots, termed prote- 
oid roots, is induced. These roots exude large quantities 
of citric acid, allowing this plant species to provoke the 
solubilization of phosphate from insoluble compounds. 
In addition to this correlation, organic acids, such as ci- 
trate, malate, oxalate, tartrate, malonate and lactate, 
have been used since 1950 by soil chemists to extract 
phosphate from insoluble compounds present in the 
soil. Of all the organic acids mentioned above, citrate is 
the most effective to dissolve insoluble phosphate com- 
pounds. 

[0013] Another important problem affecting nutrient 
uptake from the soil is the presence of toxic compounds, 
such as certain soluble forms of aluminum or other met- 
als that can interfere with the growth and function of 



plant roots. 

[0014] Aluminum (Al) is the most abundant metal in 
the earth's crust (comprising about 7% of its mass) and 
is found in soils primarily in the form of insoluble alumi- 

5 num-silicates and oxides. However, when solubilized in 
acid soils, Al (primarily in the form of Al 3+ ) is highly toxic 
to many crops. Al toxicity is considered to be the major 
limiting factor for plant productivity on acid soils. Soil 
acidification can develop naturally when basic cations 

10 are leached from soils, but it can also be considerably 
accelerated by certain farming practices and by acid 
rain. Acid soils account for about 40% of the arable land 
worldwide and are particularly abundant in tropical and 
subtropical regions of the world (e.g. 850 million ha. in 

is tropical America) (Foy, CD. et al. (1978). Annu. Rev. 
Plant Physiol. 29: 511-66). 

[0015] A common practice in order to maintain the ag- 
ricultural productivity in acid soils, is the application of 
calcium hydroxide (lime) or calcium sulfate (gypsum, 

20 CaS0 4 .2H 2 0) to increase the soil pH (e.g. see US 
5,628,811; May 13, 1997). Although these types of soil 
treatments have been successful, they do not represent 
a viable solution for many farmers since they do not 
have the economic resources to obtain and apply them, 

25 and in addition their application may lead to undesirable 
effects such as river pollution. 

[0016] In plants, aluminum produces general toxic 
symptoms that are similar to nutrient deficiencies (Ben- 
net, RJ etal. (1986). J. Plant Soil. 3: 11-17.). Decreased 

30 mineral nutrition appears to be due mainly to the inhibi- 
tion of root development caused by the targeted action 
of Al at the plant root tip (Ryan, PR et al. (1 993). J. Exp. 
Bot. 44: 437-446), In simple nutrient solutions, micro- 
molar concentrations of Al can begin to inhibit root 

35 growth within 60 minutes. 

Several studies have shown the existence of consider- 
able inter- and /nfra-species genetic variability regarding 
the tolerance of plants to aluminum toxicity (Baligar, VC 
et al. (1993), Plant and Soil. 150: 271-277.). Although 

40 several hypotheses have been proposed to explain the 
genotypic differences that render plants tolerant to alu- 
minum, strong evidence suggests that in several plant 
species, tolerance occurs by aluminum exclusion from 
the root tip (Delhaize E. et al (1993). Plant Physiology. 

45 1 03: 685-593). In fact, it has been observed that sensi- 
tive wheat cultivars accumulate three-to eight-fold more 
aluminum than tolerant cultivars in their root apex (Tice, 
KR. Etal. (1992). Plant Physiol. 100: 309-318). 
[0017] Aluminum-tolerance in wheat (Triticum sp), 

50 Corn (Zea mayz) and sweet pea ( V/c/a faba L.) has been 
correlated with an increased capacity to release organic 
acids, such as malic and citric acids (Miyasaka SC et al. 
(1991). Plant Physiology. 91:737 743; Delhaize AND et 
al. (1 993). Plant Physiology. 1 03: 695-702). Excreted or- 

55 ganic acids have been proposed to confer tolerance by 
complexing with Al 3+ outside the plasma membrane, 
preventing its uptake (Miyasaka SC et al. (1991). Plant 
Physiology. 91 :737-74312). 



3 



t7 



9U.1 joj S9nbiuup9i 6ujJ99Uj6u3 ojjeueo puB VNO iUBUiq 
-luoooj jo 'uojieoijdde 941 '9JOJ9J9UJ. |jos 9u,i uj juesejd 
spunodwoo ejqniosuj uiojj AiiosdBo 9>|Bidn lueui 
-nu p9A0Jduu! ub qijM s;uB|d ujBiqo 01 9|qBJjS9p Am&q gg 
si ii 'sjooj juB|d 0} ojxoi eq ubo ijos 9u.j ui juosejd suoj 
ureueo ibu,j pus suuoj 9|qn|osuj ojuj p9jJ9Auoo 9JB SJ9 
-Zj|jU9J SB poppB JO |jOS Uj JU9S9jd sjuojjjnu 9m; jo Aubui 
IBqi iobj &m 'uojjonpojd |Bjnnnou6B joj sbu. AjjjjqBiiBAB 
;u9Ujnu ibu.i 90UByodLU| 9u.i 6ui6p9|Mou>pv [8200] os 

UOjJU9AU| 9gi jo uojjduosoa 

"S||90 peiUJOJSUBJJ 9L|; LUOJJ 
6UIUBJS SlUB|d OIUeBsUBJ} JO UOJJBJ9U969J 9 (o Sfr 

puB !uojiom;suoo 0|j9U96 sno 

-IA9jd 9LJ1 qjjM Sjj90 lUB|d JO UOjlBtWOJSUBJl 9UJ_ (q 
!S||90 }UB|d Uj 9AIJOB 90U9nD9S U0IJBUIO1J9J 
UOIjdUOSUBJ; B pUB SJUBjd Uj 9AjlOB AljBUOjldjJOSUBJl 

oougnbgs jgjoaiojd b oi peyu\\ A||Buojiounj 'spjoB op 

0|UB6jO 9Z1S9L|JUAs IBLjl S9LUAZU9 9J0LU JO 9U0 6UI 

-suduioo pruisuoo oij9U96 b jo uojiBjBdojd 9Uj_ (b 

:sd9is 6ujMO||oj 
9L|i6ujSjjdLJU00 sppB ojubBjo gpnxg puB 9Z|S9q;uAsoj aji ge 
-OBdBO P9SB9J0UI ub qijM sjUBjd ojU96suBJj ujejqo 0} po 
-u,i9iii b sopiAOjd U9U.1 uojiueAUj euj_ sppB ojubBjo 9pn 

-X9pUB9JB|niJUn00B '9ZIS9U.1UAS OjAllOBdBOJ9U.6jllBU.llM 

ujoLji 9p|A0jd oi p9J99U|6u9 A|jB0ji9U96 eq ubo s;uB|d 

1BU.1 UOI1BJJSUOUJ9P 9L|i OI S91B|9J lU9}Bd SjUJ. [iZOOl OS 

p9sn A|uoiuluoo isouu 
ai9qi 9JB sojisuoiq jo S9|OjjJBdojoiuu u.iim jU9UupjBqujoq 
PUB suibjjs suoiOBjoiunj iunjJ9ioBqoj6v omoBoouo-uou 
L|i|M sonssjj jobiu! jo s[|oo jo uojjBAj}|no-oo 9qj 'S9nssji 
jobju! jo sjsB[dojojd jo uojjBJodoJioo|9 oqj C 9JB spou.j9iu gz 

9S9U.1 6U01UV P9JBJ9U969J 9q UBO SJUB|d 0|U96SUBJ1 9Jjl 
-J9J UOIUM WOJJ S||90 OjUOBsUBJJ BUjUjBjqO JOJ UOjlBUJJOJ 
-SUBJJ 0jJ9Ue6 JO SpOLJIBUJ 1U9J9JJJP 9JB 9J9UJ_ [92001 
'Uj6jJO |BLU|UB PUB jBJjA '|BIJ910Bq SB ||9M SB 
'UjBjJO JUB|d JO S9U96 JOJ P9A9IU.OB U99q SBU. SJUB|d OIU96 0 d 

-subji uj S9U96 u6|9joj jo uO{Ssojdx9 |njss90ons P9JBJ1S 
-uoujop 'AmBnoJoqi U99q sblj S9U96 U9j|B ss9Jdx9 vsm 
s;uB|d oiu96subjj Bupnpojd jo AjniqjSBOj 9UJ. [SZOO] 
(06S-ZZS:Z2 o\s |0|AJ lUB|d (366 0 |B 19 o;b>|) uoij 

-B|n69J OjJ9JSO||B OJ p9109fqnS JOU A|lU9JBddB PUB 1U9J9J gi 

-J!P A||BO!6o|ouniuuji 9jb sujjojos! qjog spBdiojunoo |bu 
-9jOBq o; p9jB|9J 9Jouj gq o\ SLU99S jequjnonQ jo osbu.1 

-UAS 9JBJJP |BUJ0SAX0A|6 9U.J SB9J9U.M 'S9UjAZU9 JSB9A 

puB 6jd 9U.J LjjjM ABojoujou. p9Moqs '(tunsojoqm Lunu 

-B|OS) OJBJOd PUB BUBj|BL|l SjSdopjqBJV JO S9UJAZU9 |BJjp 01 

-uoqoojiLU 9Mi joj 9poo ;Bqj svNCI AjB;uouj9|dujoo em jo 

S|SA|BUB 9U.J_ -9UJ0SAX0A|6 9U.J Uj JU9S9Jd J9U.J0 9U.J puB 
BUpUOU.001|UJ 9U.J U| P91BOOJ 9U0 { p9!J!JU9pj U99q 9ABL| 

osBqjuAs 9iBJjjo jo sou o josj omj *sjUB|d u| [fr300l 

(S99Z-Z39Z:63 AjjSjlU9L|0 g 

"Oig (0661.) *|B J9 J9JIV) 90U9Hb9S pjOB OUjLUB J19U.J Uj 

%9Z inoqs jo A6o|ouuou. b ojbu.s puB HOVN Aq p9iiqiLj 

-Uj AjBuOJJS SI AjjAjJOB 9S0q/W S91UAZU9 OIJ9JSO||B 9JB 'BS 

-oui.6nj9B SBUOUJopnesd pub tuniBJijUB J9}OBqopujov 



( j|oo Bjqoijoqosa BjJOjOBq 9AJJb69U ujbjB 9q j jo sosBqj 
-uAs 9JBJJI0 9qj_ (S99Z-Z99Z:62 AjiSjaigMooja (0660 
:|B 19 J9j|v) sjsdopjqBjy pub Bjsuo^oiy jo 9Soqj 6u;pn|o 

-Uj S9UJAZU9 p9ZA|BUB ||B Uj P9AJ9SUOO 9JB pUB UMOU>| 
9JB 9UJAZU9 SIU.J JO 9JIS 9AJJ0B 9qj UUOJ JBqj SpiOB OUIUJB 

oqj_ "9JB190BIBX0 jo dnoj6 |AuoqjBo oqj pus v 9UjAzu900 
iAjoob jo dnoj6 jAqiouj 9qj jo uojjBsuopuoo Aq ojbjj 
-10 jo sjsoqjuAs 9qj S9zA|bjbo s 9SBqjuAs 9jBJjio [£300] 
peouanbes pue peuop ueeq 9ABq 

S9U96 009 UBqj 9J0LU 9SBU960JpjL|S9a 9JB|B^ 9qj JOJ 
9|jUM c p9ZIJ910BJBqO pUB p9U0|0 U99q 9ABL| S9U96 OOS 
UBqj 9JOLU OSBqjuAs 9JBJJjQ JO 9SBO oqi JOJ p90U9nb9S 
PUB p9JB|OSj U99q 9ABL| SJUB|d 9LUOS pUB SJBUJjUB 'BIJ9J 

-OBq jo jgquunu jUBjJoduii ub luojjs9U96 Bujpuodsgjjoo 

Jj9L|; pUB |IBJ9p 1B9J6 Uj p9ZjJ9pBJBU.O U99q OABq LJOjqM 
f 9SBU96ojpAu,9p 9JB|BUJ pUB 9SBl|JUAs 9JBJJIO 9JB p9| 

-pnjs isouj om Buouuv siBOijUB puB BiJ9iOBq u; poipnjs 

A|9AISU91X9 U99q 9ABq 'S9U96 6ujpUOdS9JJOO Jj9U.J puB 

spioB oiub6jo 9ZjS9qjuAs ;bmj s9luAzuo 9q_L [2200] 

.991 IjOS PUB JUB|d (17660 UBJJBQ Hd PUB "] Q 

's9Uop) j9>joijs| puB uoj| 'smoqdsoqd se M^ns 'sjuojjjnu 

JO 9>|Bldn 9U.1 Uj SB ||9M SB '(9Z i' VIZ' 96 I \\OS PUB JUBjd 
(Z66 0 IB 19 6uba) S|B19UJ AAB9M pUB (899 1- -999 V '9LZ 
90U9jos (Z661.) |B 19 9iU9nd B| 9a £Vl l£l'96 A6o|oi 

-sA(Jd lUB|d (J.66I-) V3 B>jBSBAj^|) SlUB|d Uj 90UBJ9|OJ 

-ujnu|UJn|B uj 9|oj |BjU9iUBpunjB ABjd 'gjBJijo A||Biogds9 

'SpiOB 0IUB6J0 IBqi SlS966nS 90U9P(A9 lU909y [ IZOO] 

S9X9|dUJO0 

o!||B!9ujoub6jo 9|qBis A|i]6ii| jo uojibujjoj 9qi eiotuojd 
uoium 'gjniomis Ji9u.i uj iu9S9jd s96jbuo 9A!1b69u 9qi 

Aq p9U|UJJ919p A|UjBlU SI 'SUOjlBO qijM 10BJ9JUI 01 91BJ1I0 

jo SS9U9AJJ09JJ9 9qi ibu.1 p9ise66ns U99q SBU. 1| lozOOl 

siiun 

Hd 0'6 - Of jo 96ubj b uj %oo I. oi dn 9iBu.dsou.d jo uoij 
-Bijdjoojd 9qi Buionpoj ujnuiujniv jo 9]oujj|jUJ ouo qijM 

S10BJ91UI OlBJljO J0 9|0LUj||IUJ OUO ( UOjlOB9J p9UOjlU9UJ 9L|1 
U| 'SpiOB OIUB6JO J9U.10 Aq p910LUOJd 109JJ9 9 qi OJ pojsd 

-ujoo lu^!OjJ^9 9Jolu Buteq uojiobjoiui sigi 'S9n|BA Hd 
!U9J9jjip ib uojiBijdjoojd 9iBqdsoqd Bujijqiqui 'uinujiuniB 
puB uojj oi spujq A|6uojis 9iBJijo ibl|i punoj SBM 11 !>UOM 
sjqj uj pouiBiqo sj]ns9J 9qiBuoujv poJBdujoo sbm'ujhu 
-jUjn|B puB uojj Aq posnso 9iBqdsoqd jo uoijBjidioojd 

9M1 piOAB OI !U9UOdUJOO 0IUB6J0 S,|IOS em JO JJBd BujlUJOJ 
S90UBlSqnS |BJ9A9S JO AjjOBdBO 9U.J 'SH9SnqOBSSB|AJ 

jo 'AjjSJ9Ajun 9U.1 jo 6ui|9is H O Aq p9p9Jjp S9|pnis 

J99U0jd U| SJB9A |BJ9A9S JOJ UMOU>| U99q SBq SUOjlBO 

jUBjJoduuj A||BO!6o|Ojq joj oibjjjo jo AjjUjjjB 9qx [61-00] 
'('eSl7-6tf -ZS 'l!OS lUB|d (ZLQV) 
Oa 'o69jy puB TU 'UejJB9 :09 T PV oos 

'PS 'NOS (986 0 'IB I© AN '©nn) Ajioixoi iv 6u|SJ9A9J 

UI 9JB|BUJ JO OJBUjOOnS UBqi 9AjJ09JJ9 9J0LU Sj pjOB OjJJjO 

jBqi UMoqs os|B 9ABq siU9UJjj9dx9 9S9q_L LunuiuuniB jo 

}09 JJ9 01X01 9U.1S9SB9J09P A|lUBO|J!U6jS f UMOj6 9JB SJUB|d 
9J9U.M UOjinjOS iU9jJinU 9^1 OJ 'pjOB Oj|BUJ pUB OjJljO SB 

qons 1 spioB o{ub6jo jo uojiippB jblii umous U99q SBq ij 'Aij 

-OjXOJ UJnUILUri|B JU9A9jd 1BU.1 S1U96B 6ujlB|9UP SB SpiOB 

oiub6jo jo 9|oj posodojd 9qi qijM iu9uj99j6b u | fe 1.00] 



OS 



OP 



se 



0£ 



sz 



9 



W9l£ ZZY ld3 



9 



7 



EP1 122 316 A1 



8 



production of such plants is essential. 
[0029] Since there is evidence strongly suggesting 
that high levels of organic acid exudation facilitate nu- 
trient solubilization and absorption (particularly in the 
cases of phosphorus and iron), the production of trans- 
genic plants with an increased capacity to produce and 
excrete organic acids is highly desirable. 
[0030] In addition, if has been proposed that exuda- 
tion of organic acids is a mechanism used by some 
plants to combat the toxic effects of some elements 
present in the soil, as in the case of the aluminum in acid 
soils. Therefore, transgenic plants that have a high ca- 
pacity for the synthesis and excretion of organic acids, 
would not only have a better capacity to use nutrients 
biologically not available in the soil, but also to tolerate 
toxic concentrations of some heavy metals such as alu- 
minum. 

[0031 ] I n the present invention , a method for obtaining 
transgenic plants with an increased capacity for produc- 
tion, accumulation and exudation of organic acids is de- 
scribed. In particular, the invention refers to the overpro- 
duction of citric acid, however, the present invention is 
not limited to the overproduction of citric acid, since the 
overproduction of other organic acids, such as malic ac- 
id and oxalic acid among others is also possible. 
[0032] One of the aspects of this invention, describes 
the construction of a recombinant DNA molecule encod- 
ing the enzyme citrate synthase, linked to a promoter 
sequence and a transcription termination sequence 
both functional in plants. The present invention refers, 
but is not limited, to the use of the gene encoding Citrate 
Synthase, since it is possible that the use of other genes 
encoding enzymes that synthesize other organic acids 
such as those capable of sinthesizing malic and oxalic 
acids would also be effective. 

[0033] In plant ceils, the synthesis of citric acid takes 
place primarily in the mitochondria, where the first reac- 
tion of the Krebs cycle is carried out by the enzyme cit- 
rate synthase. 

Since citric acid synthesis is part of a complex cycle, 
where the flow of carbon structures not necessarily ac- 
cumulates in just one of its components end is subjected 
to complex regulatory mechanisms, it is highly desirable 
to carry out the invention compartamentalizing a citrate 
synthase in a subcellular compartment different to the 
mitochondria. This strategy would avoid the additional 
citric acid being converted into other components of the 
Krebs cycle. Therefore, an important aspect of this in- 
vention is the description of a method for obtaining 
transgenic plants where the Citrate Synthase is located 
in a subcellular compartment different to the mitochon- 
dria, such as the cytoplasm orthe chloroplast. Thus, the 
recombinant DNA molecule described in this invention, 
can contain a signal or transit peptide directing the cit- 
rate synthase to a specific compartment of the cell. 
[0034] The present invention has advantages over 
the existing technology since transgenic plants obtained 
by this method have a better capacity for nutrient uptake 



and to tolerate toxic compounds without the necessity 
of using chemical treatments of the soil or the use of 
nutrients associated with chelating compounds. Indus- 
try or farmers can use the transgenic seeds to establish 
5 crops, reducing their production costs, in terms of treat- 
mente of the soil or addition of fertilizers, or increasing 
the productivity thereof in acid soils containing toxic lev- 
els of aluminum or in those not having available nutri- 
ents. 

10 [0035] Part of this invention, that describing the meth- 
od for obtaining transgenic plants that overproduce cit- 
rate and the increased capacity of these plants to toler- 
ate toxic concentrations of aluminum, has been previ- 
ously published (De- la Fuente et al, Science 277, 
1566-1568). 

Detailed Description of the Invention. 

[0036] The present invention is directed at the produc- 
tion: of transgenic plants with an increased capacity of 
synthesis and exudation of organic acids. 
[0037] According to one of the aspects described in 
this invention, recombinant molecules and methods are 
described which allow the production of transgenic 
plants with an increased capacity of synthesis and exu- 
dation of organic acids. 

[0038] The preferred form of organic acid in this in- 
vention is citric acid, since it has been demonstrated as 
one of the most effective to solubilize and facilitate ab- 
sorption of nutrients of the soil, and to eliminate alumi- 
num toxicity. 

[0039] In this invention we refer to Citrate Synthase 
as any enzyme able to synthesize citric acid. The 
present invention refers, but it is not limited to Citrate 
Synthase, since it is possible to use other genes encod- 
ing enzymes able to synthesize other organic acids, to 
the same effect. Citrate Synthase or any other enzyme 
that synthesizes organic acids, should have kinetic pa- 
rameters compatible with the biochemical and physio- 
logical systems of the plant of interest. 
[0040] The gene or the coding part of a gene for an 
enzyme that synthesizes organic acids can be derived 
from a complementary DNA molecule, from genomic 
DNA or can be synthesized chemically, totally or partial- 
ly. The desired gene can be obtained from any microor- 
ganism, any plant or any animal. 
[0041] In general, the gene or part of the same will bo 
derived from native sequences of some organism. In the 
case of enzymes able to synthesize organic acids, and 
in particular Citrate Synthase, a great number of genes 
have previously been identified and characterized, in- 
cluding the determination of their nucleotide sequence. 
[0042] To achieve the necessary levels of expression 
of the cloned gene in the appropriate tissue, it is desir- 
able, for genes of plant origin to be placed in an expres- 
sion cassette including a promoter sequence functional 
in plants,, the coding sequence of the gene of interest 
and a transcription termination sequence functional in 
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table species that by nature have a low capacity to sol- 
ubilize phosphorus and iron or are susceptible to alumi- 
num toxicity. Representative examples of such vegeta- 
ble species include but are not limited to corn (Zea 
mays), rice (Oryza sativa), wheat (Triticum sp), sorghum 
(bicolor Sorghum), soya (Glycine max L.), tobacco 
(Nicotiana tabacum), tomato (Lycopersicum sculetum), 
papaya (Carica papaya) and potato (Solan um tubero- 
sum). 

[0055] After the transformation of the tissue, plant 
cells or protoplasts derived from the plant of interest, 
transgenic plants that contain in their genome the re- 
combinant molecule are regenerated. These transgenic 
plants are able to transfer in a stable way the recom- 
binant molecule to their offspring, be this derived from 
seeds, cuttings, tubers or any other reproductive struc- 
ture. 

[0056] When growing these plants in the field, higher 
productivity can be obtained in soils that have restricted 
quantities of phosphorus. Better production will also be 
obtained in acid soils having toxic concentrations of alu- 
minum. In cases where, phosphorus is applied as ferti- 
lizer, savings will be obtained in the quantity of fertilizer 
needed to obtain good productivity. . 

Experimental data (Examples). 

[0057] The present invention will be illustrated in the 
examples that are described next, which in no way are 
intended to limit the present invention. 

Example 1 

[0058] Expression of the Citrate Synthase of Pseu- 
domonas aeruginosa in the cytoplasm of transgenic 
plants of Tobacco. 

1 . Selection of genes to be used 

[0059] To obtain plants that overproduce organic ac- 
ids, genes that code for enzymes having the capacity to 
synthesize organic acids, were selected. One of these 
genes, the gene of Pseudomonas aeruginosa coding for 
the enzyme Citrate Synthase, was selected (Donald et 
al (1989), J. Bacteriol. 171: 5542-5550). This enzyme 
synthesizes citric acid using as substrates oxaloacetate 
and acetyl Coenzyme A. 

[0060] To avoid that the citric acid, synthesized by the 
bacterial Citrate Synthase, is transformed into other 
components of the Krebs cycle, the cytoplasm was se- 
lected as the subcellular compartment in which to ex- 
press this enzyme. 



2. Construction of the recombinant molecule 35SCSb 
for the expression of Citrate Synthase of Pseudomonas 
aeruginosa in plants. 

5 I. Construction of the expression vector pB2 

[0061] To achieve the expression of the. Pseu- 
domonas aeruginosa Citrate Synthase coding se- 
quence, the expression vector pB2 was constructed. To 
10 that end, the cab 80 promoter fragment of pGV1511 
(Jofre Garfias et al (1997), plant Cell Reports 16: 847 
852), defined by the restriction sites Hind III and Bam 
HI, was substituted by the Hind 111 Bam HI fragment of 
pBI 525(Datlaetal. (1993), Plant Science 94; 139 149.), 
13 which contains the double 35S CaMV promoter, the 
translation enhancer, region of the alfalfa mosaic virus 
and a translation initiation codon (as part of the Nco I 
site). The substitution of the promoter region of the 
pGV1511 vector for that of pBI 525 was verified by 
20 means of double restriction analysis using the Xba I and 
Hind ill sites. 

II. Construction of the recombinant molecule p35SCSb 

[0062] The Pseudomonas aeruginosa Citrate Syn- 
thase coding sequence starting at amino-acid number 
9, corresponding to the gltA sequence limited by the Bel 
I and Bam HI restriction sites, was mobilized from the 
pPKB vector (Donald et al, (1989), J. Bacteriol. 171: 
5542 5550) into the pB2 Bam HI site. The orientation of 
the cloned fragment was determined by analysis of the 
fragment released by a double restriction using the Xba 
I and Bam HI enzymes. Cloning the Bel I Bam HI frag- 
ment from gltA in the correct orientation in pB2, results 
in an in frame translational fusion with the initiation co- 
don present in the expression cassette of pB2. As a con- 
sequence of this fusion, the first 8 aminoacids of the bac- 
terial citrate synthase are modified changing from the 
native sequence Met-Ala-Asp-Lys-Lys-Ala-Glu-Leu, in- 
to Met-Ala-Ser-Arg-Pro in p35SCSb; the rest of the cit- 
rate synthase sequence remains the same. 
[0063] To verify, the reading, frame and the absence 
of modifications in the sequence of the recombinant 
molecule p35SCSb, the sequence of 600 base pairs 
was determined by the method of Sanger, starting from 
the Xba I site in p35SCSb. Figure 1 illustrates the steps 
followed for obtaining of p35SCSb starting from its dif- 
ferent components. 



[0064] The p35SCSb plasmid was conjugated from E. 
coli to the Agrobacterium strain LB4404 (Hoekema A. 
55 et al. (1 983). Nature 303, 1 79-1 80) using the triparental 
conjugation system that uses the helper plasmid 
pRK2013 (Lam S.T et al. (1985), Plasmid 13, 200-204). 
The recombinant molecule was introduced into the ge- 
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source for plants, but of which a high percentage be- 
comes insoluble under the conditions employed. 
[0073] The remaining nutrients necessary for the 
growth of the plants were supplied daily in aqueous so- 
lution during the course of the experiment which lasted 
6 months. 

[0074] The plant material used consisted of two trans- 
genic lines termed CSb 5-4 and CSb 5-18 that overex- 
pressed the gene of the citrate synthase of P. aeurogi- 
nosa and wild type (1522) used as control. 
[0075] The plants were placed in polyethylene bags 
containing 2 kilograms of soil with the corresponding 
phosphorus treatment. A random distribution of the 
plants was designed in the greenhouse, forming blocks 
for each treatment and consisting of 24 repetitions. 
[0076] With the intention of monitoring the develop- 
ment of the plants in a more stringent manner, sampling 
was carried out in 3 development stages of the plants: 
vegetative growth, bloom and seed formation. At each 
stage 8 plants were analyzed to measure the following 
agronomic variables: height of the plant, leaf area, fresh 
weight of the plant, dry weight of the plant, dry weight 
of the root. The number of flowers (for the bloom stage) 
and total number and dry weight of capsules or fruits (for 
the seed formation stage) were also determined. Anal- 
ysis of the data obtained for each of the treatments and 
each one of the analysed variables, revealed that a cor- 
relation exists among them, that is to say that taller 
plants have higher leaf area and higher dry weight. Due 
to this correlation and the observation that the dry weight 
represents this in a more direct way, the amount of bio- 
mass accumulated by each line at the end of the exper- 
iment is presented (figure 4), because it represents the 
total biomass accumulated by the plant during its entire 
life cycle. The dry weight of the capsules, stem and total 
was determined in the following way: 

a) Total dry weight of capsule (includes the biomass 
accumulated in the seeds). 

The collection of the capsules was carried out 
in fully senescencent stage of the plant, once the 
grain filling had concluded. Harvesting was careful- 
ly carried out dividing the capsules from the pedun- 
cle base and depositing them in paper bags. The 
bags were suitably labeled and placed in a Heraeus 
Baureihe 6000 stove at a temperature of 70°C for 
72 hours. Dry material was weighed in an Mettler 
PE 360 analytic balance and the data obtained sub- 
jected to variance analysis (ANOVA) and means 
comparison with the method of Tukey. 

b) Dry weight of the frond (includes the total bio- 
mass of stalks and leaves). 

The leaves were harvested from the petiole 
base and were completely included in rag paper 
bags. The stalk was divided from the crown (the 
stalk area nearest to the soil). All material coming 
from the same plant was included in a single paper 
bag properly labeled. The samples dried off in a. 



Heraeus Baureihe 6000 stove at temperature of 
70°C during 72 hours. The dry material was 
weighed in an Mettler PE 360 analytic scale and the 
obtained data underwent a variance statistical anal- 
5 ysis (ANOVA) and means comparison with the 

method of Tukey. 

c) Total dry weight of the plant (includes weight of 
the frond and capsules). This parameter was deter- 
mined adding the total weight of the frond and the 
10 total weight of the capsules. 

[0077] The statistical analysis of the data obtained re- 
vealed that the CSb 5-4 and 5-1 8 transgenic lines that 
express the bacterial citrate synthase, accumulate more 
is total dry weight of capsules than control plants (1522) 
in the treatment of 22 parts per million (ppm) of phos- 
phorus (figure 4), The difference is significant with a 
95% confidence interval, being the transgenic plants 
those accumulating higher biomass. 
[0078] In the 44 ppm treatment, the transgenic line 
B5-18 accumulated more biomass than the transgenic 
CSb 5-4 and the control plant (1522). The difference in 
the dry weight of the capsules among the CSb 5-1 8 line 
and the control 1522 was statistically significant, with a 
95% confidence interval (see figure 5). 
[0079] The analysis of the total dry weight of the CSb 
transgenic plants and control plants, showed that in the 
treatments of 22 and 44 ppm there is significant differ- 
ence among the plant lines evaluated with a 95% con- 
fidence interval. It was found that the CSb 5-18 trans- 
genic line accumulates higher biomass in the plant than 
the CSb 5-4 transgenic line, and that both transgenic 
lines accumulated more plant biomass than the non- 
transformed control plant (see figure 4 and 5). 
[0080] Analysis of the total dry weight of CSb trans- 
genic and control plants, confirmed that the transgenic 
lines accumulate more biomass than the untransformed 
controls: 1 ) in the 22 ppm treatment, the two transgenic 
lines accumulated higher values of total biomass, these 
differences being statistically significant; 2) In the treat- 
ment of 44 ppm the CSb 5-18 transganic line accumu- 
lated significantly more biomass than the control plant. 
No significant differences were noted between the total 
dry weight of the CSb 5-4 line and the control in the 44 
ppm treatment (see figures 4 and 5). 
[0081 ] These results demonstrate that the transgenic 
lines expressing a cytoplasmic citrate synthase have an 
increased capacity of synthesis and exudation of organ- 
ic acids and accumulate more biomass than their non 
transgenic counterparts when grown under conditions 
of low phosphate availability. 

[0082] It is also important to point out that the trans- 
genic line (CSb 5-18) that produces and exudes more 
citric acid, accumulated more biomass, thus demon- 
strating that the capacity of the plant to exude organic 
acids has a direct correlation with plant growth and bio- 
mass accumulation under conditions of low phosphate 
availability. 
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l-Bam HI fragment containing most of the bacterial cit- 
rate synthase coding sequence into the expression vec- 
tor pB2, are shown. 

[0091] Figure 2. Determination of citrate synthase 
activity . present in root extracts of CSb transgenic and 5 
control tobacco plants. It can be observed that the trans- 
genic plants have an increased activity of citrate syn- 
thase with reference to the control. 
[0092] Figure 3. Determination of the citrate levels 
present in root extracts of CSb transgenic and control 
plants. Also presented is the level of citrate exuded by 
CSb transgenic and the control tobacco plants. It can 
be noted that the transgenic plants have an increased 
capacity to accumulate and exude citric acid with re- 
spect to the control plants. 

[0093] Figure 4. Determination of the biomass accu- 
mulated by transgenic tobacco plants expressing the 
Pseudomonas aeuroginosa citrate synthase coding se- 
quence (CSb 5-4 and CSb 5-18) and control plants 
(1522) grown in presence of 22 parts per million of phos- 
phorus. The accumulated biomass is presented as dry 
weight of capsules, frond and capsules plus frond. The 
results presented are the average and standard error of 
eight repetitions per treatment. The statistical analysis 
(ANOVA and Tukey tests), revealed a statistically sig- 
nificant difference between the biomass accumulated 
by the transgenic CSB lines and the controls, at the 
phosphorus concentrations tested. 
[0094] Figure 5. Determination of the biomass accu- 
mulated by transgenic tobacco plants expressing the 
Pseudomonas aeuroginose citrate synthase coding se- 
quence (CSb 5-4 and CSb 5-18) and control plants 
( 1 522) grown in presence of 44 parts per million of phos- 
phorus. The accumulated biomass is presented as dry 
weight of capsules, frond and capsules plus frond. The 
results presented are the average and standard error of 
eight repetitions per treatment. The statistical analysis 
(ANOVA and Tukey test), revealed a significant increase 
in the yield of transgenic plants compared with the con- 
trols, at the phosphorus concentrations tested. 
[0095] Figure 6. Comparison of the total biomass pro- 
duced by the CSb 5-1 8 transgenic plants and the control 
plants, grown at 22 and 44 parts per million of phospho- 
rus. Figure 7. Determination of the effect of increased 
concentrations of aluminum at pH 4.5 on the root growth 
of CSb and control plants. The effect is plotted as per- 
centage of root growth inhibition in presence of alumi- 
num with respect to the growth of the same plants in the 
absence of aluminum. It can be noted that the CSb 
transgenic plants roots grow better in the presence of 
toxic concentrations of aluminum. 



Claims 

1 . Method for obtaining transgenic plants having an in- 
creased capacity to synthesize, to accumulate and 
to exude organic acids, by integration into their ge- 



nome of a recombinant heterologous DNA molecule 
encoding enzymes that synthesize organic acids, 
involving the following steps: 

a) preparation of a recombinant heterologous 
DNA molecule encoding one or more genes for 
enzymes that synthesize organic acids, linked 
to a promoter sequence functional in plants, 
and to a transcrition termination/polyadenyla- 
tion sequence functional in plants; 

b) the transformation of plant cells with the re- 
combinant DNA molecule, and 

c) the regeneration of transgenic plants starting 
from transformed cells, or of seeds from plants 
obtained from these transformed cells, for one 
or several generations, wherein the genetic in- 
formation of these transformed cells, includes 
the recombinant DNA molecule coding for en- 
zymes that synthesize organic acids. 

The method according to claim 1 , in which the .re- 
combinant DNA molecule comprises one or more 
microbial genes coding for enzymes that synthesize 
organic acids. 

The method according to claim 1, wherein the re- 
combinant DNA molecule comprises a gene of plant 
origin coding for an enzyme that synthesizes organ- 
ic acids. 

The method according to claim 1 , wherein the re- 
combinant DMA molecule comprises a gene of an- 
imal origin coding for an enzyme that synthesizes 
organic acids. 

The method according to claim 2, wherein the re- 
combinant DNA molecule comprises one or more 
bacterial genes that code for an enzyme that syn- 
thesizes organic acids. 

The method according to claim 1 , wherein the re- 
combinant molecule comprises a gene that codes 
for the enzyme Citrate Synthase. 

The method according to claim 1 , wherein the re- 
combinant molecule comprises a gene that codes 
for the enzyme Malate dehydrogenase. 

The method according to claim 1 , wherein the en- 
zyme that synthesizes organic acids is located in 
the cytoplasm. 

The method according to claim 1 , wherein the en- 
zyme that synthesizes organic acids is located in 
chloroplasts. 

The method according to claim 1 , wherein the en- 
zyme that synthesizes organic acids is located in 
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1 9, comprising a transcription termination/polyade- 
nylation sequence that is the transcription termina- 
tion/polyadenylation sequence of the Nopaline Syn- 
thetase gene. 

36. The recombinant DNA molecule according to claim 
19, as defined in figure 1 . 

37. The vector comprising the recombinant DNA mole- 
cule according to claim 1 9. 

38. Transgenic plants with increased capacity to syn- 
thesize, to accumulate and to exude organic acids 
by integration into their genome of a recombinant 
heterologous DNA molecule as defined in any of 
claims 19 to 36. 

39. Transgenic plants according to claim 38, tolerant to 
toxic concentrations of Aluminum. 

40. Transgenic plants according to claim 38, having in- 
creased capacity to solubiiize or accumulate phos- 
phate. 

41. Transgenic plants according to claim 38, having in- 
creased capacity to solubiiize or accumulate iron. 

42. Transgenic plants according to claim 38, requiring 
less fertilizer for their growth. 

43. Transgenic plants according to claim 38, that devel- 
op better or have higher productivity in acid soils. 

44. The transgenic plants according to claim 38, where- 
in the plant is a monocotyledonous plant. 

45. Transgenic plants according to claim 38, wherein 
the plant is a dicotyledonous plant. 

46. Transgenic plants according to claim 44, wherein 
the plant belongs to anyone of the families: Poace- 
ae or Lileaceae. 



50. Transgenic plants according to claim 45, wherein 
the plant is of the Nicotiana genus. 

51. Transgenic plants according to claim 50, wherein 
5 the plant is of the Nicotiana tabacum species. 

52. Transgenic plants according to claim 45, wherein 
the plant is of the Carica genus. 

10 53. Transgenic plants according to claim 52, wherein 
the plant is of the Carica papaya species. 

54. Use of the transginic plants according to claim 26 
in acid soils. 

15 

55. Use of the transgenic plants according to claim 26 
in soils containing-phosphates in forms not availa- 
ble for the plant nutrition. 

20 56. Use of the transgenic plants according to claim 26 
for practice or cultivation systems that use less fer- 
tilizer. 

57. The transgenic seeds or any vegetative reproduc- 
es tive structure attainable from a transgenic plant as 

defined in the claim 26. 

58. A transformed cell or protoplast transformed with 
the recombinant DNA molecule as defined in any of 

30 claims 19 to 36. 
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47. Transgenic plants according to claim 45, wherein 
the plant belongs to anyone of the families: Legu- 45 
minoseae, Solanaceae, Caricaceae or Cucurbita- 
ceae. 



48. Transgenic plants according to claim 44, wherein 
the plant belongs to any of the species: Triticum so 
spp, Oryza sativa, Zea mays, Sorghum bicolor, Ave- 
na sativa or Saccharum officcianarum. 



49. Transgenic plants according to claim 45, wherein 

the plant belongs to any of the species: Solanum 55 
tuberosum, Lycopersicum esculentum or Glycine 
max. 
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